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Proteolysis of the Hedgehog Signaling Effector
Cubitus interruptus Requires Phosphorylation by
Glycogen Synthase Kinase 3 and Casein Kinase 1
activation of target genes that include binding sites for
Ci in their promoters (Alexandre et al., 1996; von Ohlen
and Hooper, 1997; Hepker et al., 1999). Hh signaling
requires Ci and controls target gene expression by regu-
lating the activity of Ci (Me´thot and Basler, 2001). In
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cells that do not receive a Hh signal, full-length Ci (Ci-
155) is cleaved to a shorter form (Ci-75; Aza-Blanc etSummary
al., 1997). Ci-75 retains the zinc finger DNA binding do-
main but lacks the transactivation domain and nuclearThe secreted signaling molecule Hedgehog regulates
gene expression in target cells in part by preventing export sequences found in the C-terminal half of Ci-155
(Alexandre et al., 1996; Chen et al., 1999a). Ci-75 isproteolysis of the full-length Cubitus interruptus (Ci-
155) transcriptional activator to the Ci-75 repressor largely nuclear and acts as an essential repressor of
some Hh target genes, including dpp and hh (Aza-Blancform. Ci-155 proteolysis depends on phosphorylation
at three sites by Protein Kinase A (PKA). We show that et al., 1997; Me´thot and Basler, 1999). In cells re-
sponding to Hh, the proteolysis of Ci-155 is inhibited,these phosphoserines prime further phosphorylation
at adjacent Glycogen Synthase Kinase 3 (GSK3) and resulting in increased Ci-155 concentration and the loss
of Ci-75 (Aza-Blanc et al., 1997). Hh signaling also po-Casein Kinase I (CK1) sites. Alteration of the GSK3 or
CK1 sites prevents Ci-155 proteolysis and activates tentiates Ci-155 as a transcriptional activator (Ohlmeyer
and Kalderon, 1998; Me´thot and Basler, 1999), in partCi in the absence of Hedgehog. Ci-155 proteolysis is
also inhibited if cells lack activity of the Drosophila by allowing a small fraction of Ci-155 to accumulate in
the nucleus (Chen et al., 1999a).GSK3, Shaggy, previously implicated in Wingless
signaling. Conversely, Ci-155 levels are reduced in Protein Kinase A (PKA) is essential for proteolysis of
Ci-155 to Ci-75 and for keeping the Hh signaling pathwayHedgehog-responding cells by overexpression of PKA
and the Drosophila CK1, Double-time, a regulator of silent in the absence of Hh (Ingham and McMahon,
2001). Ci contains five consensus PKA phosphorylationcircadian rhythms.
sites C-terminal to the proteolytic cleavage site. Ci pro-
teins containing alanines in place of serines in a clusterIntroduction
of three of the PKA sites (Ci3m) or in all five sites (Ci5m)
are not proteolyzed and readily activate Hh target genesHedgehog (Hh) is a secreted signaling molecule that
patterns many tissues in invertebrates and vertebrates in the absence of a Hh signal (Chen et al., 1999b; Price
and Kalderon, 1999; Wang et al., 1999). Hh signaling(reviewed in Ingham and McMahon, 2001). The mecha-
nism of Hh signal transduction has been studied princi- can increase target gene expression mediated by these
proteins still further (Price and Kalderon, 1999; Wang etpally in Drosophila tissues where the cellular sources
of Hh, the range of Hh action, the direct transcriptional al., 1999; Me´thot and Basler, 2000). However, the Hh-
independent activity of these proteins is greater thantargets of Hh signaling, and how these targets contribute
to tissue development have been established. In wing that of another uncleavable form of Ci, CiU, which has
a large deletion including the cleavage site (Me´thot andimaginal discs, the larval precursor of adult wings, Hh
is expressed only in posterior (P) cells, whereas only Basler, 1999; Wang et al., 1999). These data suggest
that PKA phosphorylation of Ci not only promotes prote-anterior (A) cells are responsive to Hh because only they
express the Hh receptor, Patched (Ptc), and the key olysis but also limits the activity of Ci-155.
Some evidence supports the idea that Hh preventstranscription factor of the Hh signaling pathway, Cubitus
interruptus (Ci) (Domı´nguez et al., 1996). Secreted Hh Ci-155 proteolysis by altering its phosphorylation state
(Chen et al., 1999a). However, Hh does not appear toprotein crosses the A/P compartment boundary and ac-
tivates expression of several genes, including ptc and regulate PKA activity (Li et al., 1995; Jiang and Struhl,
decapentaplegic (dpp), in a stripe at the A/P border 1995; Murone et al., 1999). Hh may regulate a phospha-
(Basler and Struhl, 1994; Tabata and Kornberg, 1994). tase activity, an idea that has some experimental sup-
Dpp is a secreted signaling molecule in the TGF family port (Krishnan et al., 1997); however, it is also possible
that is required for disc growth and acts as a morphogen that Hh blocks Ci proteolysis without directly affecting
to dictate patterns of gene expression and wing mor- its phosphorylation state.
phology along the A/P axis beyond its own expression It is also not clear why phosphorylation of Ci by PKA
domain (Nellen et al., 1996; Lecuit et al., 1996). Ptc regu- leads to its proteolysis. Since the F box protein Slimb
lates the Hh signaling pathway and also limits the spread is required for Ci proteolysis (Jiang and Struhl, 1998)
of Hh by binding to it (Chen and Struhl, 1996). and homologs of Slimb target specific phosphorylated
The binding of Hh to Ptc relieves an inhibitory effect proteins for ubiquitin-mediated proteolysis (Spencer et
of Ptc on the 7 transmembrane domain protein Smooth- al., 1999; Winston et al., 1999), it was proposed that
ened (Smo), which is itself essential for Hh signaling Slimb may directly recognize phosphorylated Ci. How-
(Ingham and McMahon, 2001). Ultimately, this leads to ever, the sites phosphorylated by PKA in Ci do not re-
semble the consensus recognition sites for Slimb homo-
logs (Winston et al., 1999), and ubiquitinated Ci is not1Correspondence: ddk1@columbia.edu
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Figure 1. PKA-Primed Phosphorylation of Ci
(A) Mock-treated (lanes 1 and 3) or PKA-phos-
phorylated (lanes 2 and 4) GST-CiS, incu-
bated with Drosophila embryo extracts and
[-32P]ATP (lanes 3 and 4) or with extract
buffer (lanes 1 and 2), separated by SDS-
PAGE and detected by anti-GST antibody
(upper gel), anti-Ci phospho PKA site 1 anti-
body (middle gel), or by phosphorimager
(lower gel).
(B) PKA-phosphorylated GST-CiS, incubated
with [-32P]ATP and Drosophila embryo ex-
tracts, followed by incubation buffer only
(lane 2),  protein phosphatase (lane 3), or 
protein phosphatase and EDTA (lane 4) visu-
alized by anti-GST antibody (upper gel) or by
autoradiography (lower gel).
detected in cells where Ci-155 proteolysis is blocked converted each of the three PKA phosphoacceptor ser-
by inhibitors of the 26S proteosome (Chen et al., 1999a). ines to alanines. Each alteration led to reduced phos-
We set out to find Drosophila proteins that bound Ci phorylation (most prominent for sites 2 and 3) and to a
in a manner dependent on PKA phosphorylation. In the lesser mobility change (especially for site 2) relative to
course of these experiments, we found that kinases in wild-type GST-CiS following PKA priming and incuba-
Drosophila embryo extracts phosphorylate Ci, but only tion with extracts (Figure 2B, upper gel). The region of
after it has been phosphorylated by PKA. We present Ci surrounding PKA sites 1–3 contains many serines and
evidence that these kinases have the specificities of threonines (Figure 2A). Comparison of the three sites in
Glycogen Synthase Kinase 3 (GSK3) and Casein Kinase Ci to each other and to the Gli proteins, the vertebrate
I (CK1). We also found that the target sites for these homologs of Ci, reveals the consensus sequence
kinases and the GSK3 activity encoded by shaggy (sgg) SNRRXSPKAXXSC at each PKA site (except that each pro-
are essential for proteolysis of Ci-155 to Ci-75. Sgg is tein lacks SN at PKA site 1). We changed each SN and
already known to function in the Wnt/Wingless signaling each SC in GST-CiS to alanine individually and in combi-
pathway by promoting the phosphorylation and subse- nations. Each single alteration resulted in only a small
quent Slimb-mediated degradation of -catenin in the reduction in phosphorylation or mobility shift compared
absence of ligand (Frame and Cohen, 2001). Our findings to wild-type GST-CiS (Figure 2B, lanes 9–14 and 17–24).
extend the similarities between Hh and Wnt signaling However, alteration of both SN sites (Figure 2B, lanes
pathways, implicate two protein kinases as potential 15–16) or all three SC sites (Figure 2B, lanes 25–26) re-
targets of regulation in the Hh signaling pathway, and sulted in almost complete loss of PKA-primed phos-
suggest that Ci-155 becomes densely phosphorylated phorylation by the extract, as assayed by 32P incorpora-
in three closely spaced regions around nucleating PKA tion and mobility shift. Alteration of SN and SC sites did
sites prior to proteolysis. not reduce the extent of the priming PKA phosphoryla-
tions (data not shown). Hence, it appears that each SN
Results and SC site in the consensus SNXRRXSPKAXXSC is either
phosphorylated, or required for phosphorylation else-
PKA-Phosphorylated Ci Is Further Phosphorylated where, by Drosophila embryo extracts. Serines are also
by Kinases in Drosophila Embryo Extracts conserved immediately preceding PKA sites 2 and 3
To investigate why phosphorylation of Ci-155 by PKA (RRSSPKA), but alteration of these residues had no dis-is required for proteolysis to Ci-75, we incubated Dro- cernible effect on GST-CiS phosphorylation (data not
sophila embryo extracts with a GST-Ci685-920 fusion pro- shown).
tein (GST-CiS), which contains the three PKA sites criti-
cal for proteolysis. Much of the GST-CiS was converted
GSK3 and CK1 Phosphorylate Ci In Vitroto a slower migrating form on SDS polyacrylamide gels,
A phosphoserine residue is the critical determinant ofbut only if it was prephosphorylated in vitro by PKA
several known target sites for the serine/threonine ki-(Figure 1A, lanes 3 and 4, upper gels). The slower migrat-
nases Glycogen Synthase Kinase 3 (GSK3) and Caseining form of GST-CiS was selectively labeled if [-32P]ATP
Kinase I (CK1). Moreover, the spacing between SN andwas included during extract incubation (Figure 1A, lanes
SPKA(P) is characteristic of GSK3 sites, and the spacing3 and 4, lower gel) and was converted to GST-CiS of
between SPKA(P) and SC is characteristic of CK1 sitesnormal mobility by treatment with protein phosphatase
(Fiol et al., 1990; Flotow et al., 1990). We therefore at-(Figure 1B, lane 3, upper gel). These data suggest that Ci
tempted to phosphorylate GST-CiS with purified GSK3can be phosphorylated by one or more protein kinases in
and CKI and found that both kinases phosphorylateDrosophila extracts, provided it is first phosphorylated
GST-CiS extensively and cause a shift in its mobility,by PKA.
contingent on prior phosphorylation by PKA (Figure 2C,
lanes 1–6). Phosphorylation by CK1 required the pres-Ci Is Phosphorylated on Serines near the PKA
ence of SC serines but was unaffected by the loss of SNPhosphorylation Sites
serines (Figure 2C, lanes 7–14). Conversely, phosphory-To determine which of the three PKA sites in GST-CiS
are critical for further phosphorylation by extracts, we lation by GSK3 required at least one of the two SN
Ci Proteolysis Requires the Kinases GSK3 and CK1
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Figure 2. GSK3 and CK1 Enzymes Phosphorylate PKA-Primed Ci
(A) Amino acid sequence alignment of PKA sites 1–3 in Ci and Gli proteins. The consensus sequence for the sites, SNRRXSPKAXXSC, is marked
above the alignment. SPKA sites are shaded in red, SN sites in green, and SC sites in blue.
(B) GST-CiS proteins were mock treated (odd lanes) or PKA phosphorylated (even lanes), incubated with [-32P]ATP and extracts, separated
by SDS-PAGE, and detected by phosphorimager for wild-type GST-CiS (lanes 1, 2, 9, 10, 17, and 18) and variants with alanine substitutions
for SPKA (upper gel), SN (middle gel), and SC (lower gel) in consensus site 1 (lanes 3, 4, 19, and 20), site 2 (lanes 5, 6, 11, 12, 21, and 22), site
3 (lanes 7, 8, 13, 14, 23, and 24), or all sites (lanes 15, 16, 25, and 26).
(C) GST-CiS proteins were mock treated (odd lanes) or PKA phosphorylated (even lanes), incubated with [-32P]ATP and purified mammalian
kinases, as indicated, using wild-type GST-CiS (wt) or GST-CiS with substitutions of all SN residues (Nm), all SC residues (Cm), or both (NCm).
(D) Phosphorimage of mock-treated (odd lanes) or PKA-phosphorylated (even lanes) CK1 substrate GST-mGS (lanes 1–4) and GST-CiS (lanes
5–8) incubated with [-32P]ATP and Drosophila embryo extracts with DMSO (lanes 1, 2, 5, and 6) or with 500 M CK1 inhibitor CKI-7 in DMSO
(lanes 3, 4, 7, and 8).
(E) Phosphorimage of mock-treated (odd lanes) or PKA-phosphorylated (even lanes) GSK3 substrate GST-PP1G (lanes 1–4), GST-CiWT (lanes
5–8), or GST-CiS with alanines at SC residues at sites 1, 2, and 3 (lanes 9–12), GST-CiCm incubated with [-32P]ATP and embryo extracts either
without (lanes 1, 2, 5, 6, 9, and 10) or with 100 mM LiCl (lanes 3, 4, 7, 8, 11, and 12).
serines but not any of the SC serines (Figure 2C, lanes (Figure 2E, lane 12), implying that phosphorylation of
wild-type GST-CiS in the presence of LiCl was at SC15–26).
GST fusion proteins containing PKA-primed GSK3 sites. Thus, enzymes with the specificity of GSK3 and
CK1 are active in Drosophila embryo extracts and areand CK1 phosphorylation sites derived from the glyco-
gen binding subunit of protein phosphatase 1G (GST- largely responsible for the observed phosphorylation of
PKA-primed Ci fusion proteins.PP1G) and glycogen synthase (GST-mGS), respectively
(Dent et al., 1989; Flotow and Roach, 1989), were both
phosphorylated by Drosophila embryo extract (Figures GSK3 and CK1 Phosphorylation Sites
Are Required for Ci Proteolysis2D and 2E, lanes 1 and 2). Furthermore, CKI-7, an inhibi-
tor of CK1 (Chijiwa et al., 1989), reduced phosphorylation Alteration of PKA sites 1–3 in Ci yields a molecule resis-
tant to the proteolytic cleavage that produces Ci-75of both GST-CiS and GST-mGS to similar degrees (Fig-
ure 2D, lanes 4 and 8). LiCl, an inhibitor of GSK3 (Klein (Chen et al., 1998, 1999b; Price and Kalderon, 1999;
Wang et al., 1999). To determine whether the GSK3 andand Melton, 1996; Stambolic et al., 1996), reduced the
phosphorylation of GST-CiS less efficiently than phos- CK1 sites are required for proteolysis, we changed ser-
ine to alanine codons in the full-length ci cDNA for thephorylation of GST-PP1G (Figure 2E, lanes 4 and 8).
However, phosphorylation of a GST-CiS substrate lack- two GSK3 consensus sites (CiNm), the three CK1 con-
sensus sites (CiCm), and all five sites (CiNCm) adjacenting the three CK1 consensus sites (“GST-CiCm”) was
substantially inhibited by the same concentration of LiCl to PKA sites 1–3. The ci transgenes were expressed
Cell
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Figure 3. Ci Lacking Either GSK3 or CK1 Phosphorylation Sites Is Not Proteolyzed in Embryos or Imaginal Discs and Is Hh Responsive
(A) Extracts from embryos expressing triple HA-tagged Ci proteins with S to A substitutions in GSK3 sites, CiNm (lane 1), CK1 sites, CiCm
(lane 2), both GSK3 and CK1 sites, CiNCm (lane 3), wild-type Ci, CiWT (lane 4), and PKA sites 1–3, Ci3m (lane 5) immunoprecipitated with
anti-HA antibody 12CA5, blotted with anti-HA antibody 3F10, and visualized by ECL.
(B–G) Confocal micrographs of a part of wing imaginal discs expressing Ci transgenes throughout the disc. Posterior hh-lacZ expression
detected with antibody to -galactosidase (green) is repressed by wild-type Ci (B) in smo mutant clones marked by lack of anti-CD2 antibody
staining (red in [C]), but hh-lacZ is not repressed by Ci lacking GSK3 sites (D and E) or Ci lacking CK1 sites (F and G). The A/P border is
marked in white. Anterior is to the left and dorsal is to the top in this and subsequent disc figures.
(H–O) Wing imaginal discs expressing Ci transgenes ubiquitously with smo mutant clones marked by absence of CD2 staining (green). Wild-
type Ci activates ptc-lacZ expression (red) only in posterior cells with Smo activity (H and I), whereas Ci variants lacking PKA sites (J and K),
GSK3 sites (L and M), or CK1 sites (N and O) also induce lower levels of ptc-lacZ expression in anterior cells (left) and in posterior smo mutant
clones. A dotted line marks the anterior extent of the A/P border staining of ptc-lacZ.
from yeast GAL4-responsive promoters (UAS-Ci) and leading to proteolysis of wild-type Ci and repression of
hh-lacZ expression by Ci-75 (Figure 3B; Me´thot andencoded a triple HA epitope tag at their N termini.
Tagged Ci proteins were expressed in the normal Ci Basler, 1999). Ci that lacks PKA sites 1–3 is not con-
verted to Ci-75 even in the absence of Hh signaling andpattern in the embryonic ectoderm using a ptc-GAL4
driver. Extracts were made from stage 9–12 embryos, does not repress hh-lacZ in posterior smo mutant cells
(Me´thot and Basler, 2000). Neither CiNm nor CiCm trans-when Hh signaling normally prevents Ci-155 proteolysis
in the subset of Ci-expressing cells that are adjacent to genes repressed hh-lacZ in posterior smo mutant cells
(Figures 3D and 3F), confirming that phosphorylation atstripes of Hh expression (Motzny and Holmgren, 1995).
Tagged wild-type Ci, detected by immunoprecipitation GSK3 and CK1 sites is required for cleavage of Ci-155
to Ci-75.followed by Western blot with antibodies to HA epitope,
was present as Ci-155 and Ci-75 (Figure 3A, lane 4). No
Ci-75 was present for any of the Ci phosphoacceptor Ci Lacking GSK3 and CK1 Sites Is Hyperactive
But Still Responsive to Hhvariants (Figure 3A, lanes 1–3). Thus, intact GSK3 and
CK1 phosphorylation sites are essential for normal pro- It was previously shown that PKA phosphorylation af-
fects both the activity and proteolysis of Ci-155 (Chenteolysis of full-length Ci to Ci-75.
Ci-75 represses transcription of the hh gene, providing et al., 1999b; Price and Kalderon, 1999; Wang et al.,
1999). The activity of Ci proteins lacking GSK3 and CK1the basis for another assay for Ci proteolysis (Me´thot
and Basler, 1999). Transgenic Ci is expressed through- sites was assayed in embryos and in discs. First, we
measured embryonic lethality due to expression of theout a wing disc (using C765 GAL4 and UAS-Ci) that
contains marked smoothened (smo) mutant clones, and transgenes using a ptc-GAL4 driver. As described pre-
viously for analogous transgenes containing a single HAhh expression is measured with a hh-lacZ reporter gene.
In posterior smo mutant cells there is no Hh signaling, tag, many Ci3m (lacking PKA sites 1–3) lines caused
Ci Proteolysis Requires the Kinases GSK3 and CK1
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embryonic lethality but most wild-type Ci lines did not clones requires Hh signaling, we compared Ci levels in
sgg clones and sgg smo double mutant clones. We(Price and Kalderon, 1999). The variable response is
attributable to different expression levels in independent found that full-length Ci levels are similar in both types
of clones (Figure 4I).transgenic lines. Most CiNm, CiCm, and CiNCm lines (7
of 11, 6 of 11, and 6 of 9, respectively), like Ci3m lines A likely explanation for the increase in full-length Ci
protein levels in sgg mutant clones is that the proteolysis(6 of 9), induced embryonic lethality, whereas CiWT lines
(2 of 15) only rarely did so. The implication that all the of Ci is inhibited. In order to test whether production of
Ci-75 is inhibited in sgg mutant clones, we made sggCi variants were more active than wild-type Ci was con-
firmed by measuring the induction of wg RNA by each smo mutant clones in discs expressing transgenic wild-
type Ci and the hh-lacZ reporter. A slight reduction intransgene in the absence of endogenous Ci (Price and
Kalderon, 1999). Representative CiNm, CiCm, and CiNCm hh-lacZ was seen in posterior sgg smo mutant clones
(Figure 5C), but this reduction was very small comparedlines, like Ci3m lines, induced anterior expansions of
the normal wg stripes in stage 11–12 embryos, whereas to the inhibition of hh-lacZ in smo mutant clones of
wing discs of sister larvae produced by the same crossCiWT lines, like endogenous Ci, supported only single-
cell-wide stripes of wg expression (Y. Lai, M. Ciancanelli, (Figure 5A). Hence, we conclude that Ci proteolysis to
Ci-75 is substantially inhibited in the absence of SggD.K., unpublished results). The activation of wg beyond
the normal range of Hh indicates that Ci proteins lacking activity.
PKA, GSK3, or CK1 sites are active even in the absence
of Hh.
Sgg Affects the Activity of CiCi activity was also assayed by expressing ci trans-
In anterior PKA mutant clones in the wing disc, Ci-155genes throughout wing discs that contained smo mutant
is protected from proteolysis and induces high-level ex-clones and measuring Hh target gene activation with a
pression of the Hh-target genes ptc and dpp, accompa-ptc-lacZ reporter (Me´thot and Basler, 1999). Wild-type
nied by pattern duplications in the wing and outgrowthsCi induced ptc-lacZ expression in wild-type posterior
from the notum in adults (Ingham and McMahon, 2001).cells but not in posterior smo mutant clones or in anterior
In some, but not all, anterior sgg mutant clones therecells beyond the range of Hh at the A/P border (Figure
was ectopic expression of a dpp-lacZ reporter gene at3H; Me´thot and Basler, 1999). Ci3m induced ptc-lacZ
levels lower than at the A/P border (Figures 6A–6C).strongly in both anterior and smo mutant P cells, but at
However, sgg mutant clones did not induce pattern du-levels slightly lower than in wild-type P cells (Figure 3J;
plications in adult wings or large outgrowths. EctopicMe´thot and Basler, 2000). CiNm and CiCm also induced
wing margin structures were evident, as previously de-ptc-lacZ in anterior and smo mutant P cells, indicating
scribed, as a consequence of ectopic activation of theHh-independent activity (Figures 3L and 3N). The level
Wg signaling pathway (Blair, 1994).of ptc-lacZ in these cells was clearly lower than in wild-
Ectopic expression of Ptc protein or ptc-lacZ was onlytype P cells, indicating that the activity of CiCm and
evident in anterior sgg mutant clones near the peripheryCiNm, like Ci3m, can be further enhanced by Hh.
of the disc, where it was only slightly elevated relative
to other anterior cells (Figures 6G–6I). These clones were
Ci Proteolysis Requires Shaggy Activity associated with local overgrowth of the disc. Supressor
Shaggy (sgg), also known as zeste white 3 (zw3), is the of Fused [Su(fu)] normally restricts the activity of Ci-
only Drosophila gene known to encode GSK3 activity, 155 if proteolysis to Ci-75 is inhibited (Ohlmeyer and
although a second Drosophila gene also shares exten- Kalderon, 1998). Mutations that eliminate Su(fu) increase
sive sequence similarity with the GSK3 enzyme family the activity of Ci lacking PKA phosphorylation (Price
(Morrison et al., 2000). We tested whether sgg is required and Kalderon, 1999), but did not increase the minimal
for Ci proteolysis by inducing null sgg mutant clones in induction of ptc observed in anterior sgg mutant clones
wing discs by mitotic recombination and staining with (data not shown).
an antibody (2A1) that recognizes Ci-155 but not Ci-75 Anterior sgg mutant clones at the A/P border did not
(Motzny and Holmgren, 1995). In wild-type discs, full- produce a consistent change in the high levels of dpp-
length Ci is present at higher levels in A/P border cells lacZ or ptc-lacZ expression stimulated by Hh (Figures
than in other anterior cells because Hh signaling inhibits 6D–6F; Heslip et al., 1997; data not shown).
proteolysis of Ci-155. Ci levels were similarly elevated
in anterior sgg mutant clones (Figure 4A) without altering
the uniform anterior expression of ci RNA (Figure 4C). Sgg Reduces Hh Target Gene Expression
in PKA Mutant ClonesThe induction of high levels of Ci-155 was cell autono-
mous (Figures 4D–4F) and was also observed, albeit to We investigated whether the different effects of sgg and
PKA mutant clones on Hh-target gene expression werelower levels, using a second weaker allele of sgg (Figure
4B). Since loss of Sgg leads to activation of the Wg independent of differences in Ci phosphorylation by ex-
amining clones lacking both Sgg and PKA activities.signaling pathway, we tested whether activation of Wg
signaling by other means affected Ci-155 levels. No Since Sgg/GSK3 sites on Ci are primed by PKA, the
phosphorylation status of Ci should be the same in PKAchange in Ci-155 levels was observed in marked anterior
“flip-out” clones that expressed an activated allele of mutant clones as in sgg PKA double mutant clones. For
technical reasons, smo activity was also absent fromarmadillo, armS10 (Figures 4G and 4H; Pai et al., 1997).
Therefore, we conclude that the elevation of Ci levels both types of clones. Adults with sgg PKA smo clones
exhibited some outgrowths from the notum but no sig-in the absence of Sgg is not due to ectopic Wg signaling.
To determine whether the elevation in Ci levels in sgg nificant wing pattern duplications, whereas PKA smo
Cell
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Figure 4. Increased Ci-155 Levels in sgg Mu-
tant Clones
(A–C) Wing imaginal discs containing sgg mu-
tant clones of indicated alleles, stained for
full-length Ci (with antibody 2A1 (A and B)) or
ci RNA (C).
(D–F) A wing imaginal disc with sgg mutant
clones marked by the absence of GFP in
green (E) showing Ci-155 in red (D), and a
merge of the two channels (F).
(G and H) Ci-155 expression in red (G) in discs
with marked clones in green (H) expressing
both UAS-lacZ and UAS-armS10, an activating
allele of arm. The A/P border is marked in
white.
(I) Ci-155 staining of a wing disc with sgg smo
double mutant clones.
clones induced both types of pattern alteration (data Overexpression of double-time CK1 Can Reduce
Ci-155 Levelsnot shown). Wing discs with PKA smo mutant clones
had large expansions affecting the anterior compart- There are eight predicted Casein Kinase I homologs in
Drosophila (Morrison et al., 2000). Double-time (Dbt),ment and expressed high levels of Ptc within anterior
clones irrespective of clone location (Figure 7A). sgg also known as Discs overgrown (Dco), is a Casein Kinase
I / homolog that is involved in ciracadian rhythms andPKA smo mutant clones induced ectopic Ptc outside the
wing pouch region, associated with large but localized in growth of imaginal discs (Kloss et al., 1998; Zilian et
al., 1999). We detected no change in Ci-155 levels inexpansions of the disc, but very little ectopic Ptc was
evident in sgg PKA smo mutant clones in the wing pouch wing disc clones homozygous for a weak dbt/dco allele
(dco3), and adequately sized clones could not be ob-region (Figure 7C). This regional difference in ectopic
Ptc expression was evident even in single clones that tained for stronger dbt/dco alleles (dco2 and dco389; data
not shown). We therefore examined the effect of overex-span the border of the wing pouch territory (Figures
7E–7G). Thus, Sgg activity is required for strong ectopic pressing Dbt. Previously, we showed that overexpres-
sion of a constitutively active PKA catalytic subunitinduction of Hh target genes by Ci-155 that lacks PKA
site phosphorylation. This requirement for Sgg might (mC*) in the wing pouch region of the disc led to reduced
levels of Ci-155 at the A/P border in a stripe that extendstherefore also contribute to the limited ectopic induction
of Hh target genes observed in sgg mutant wing precur- further to the anterior (Figure 8C; Price and Kalderon,
1999). This most likely results from increased proteolysissor cells (Figure 6), which contain Ci-155 activated by
loss of GSK3 site phosphorylation. of Ci-155 in opposition to the influence of Hh, leading
Ci Proteolysis Requires the Kinases GSK3 and CK1
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How Extensively Must Ci Be Phosphorylated
To Be Proteolyzed?
We have not tested whether each potential PKA, GSK3,
or CK1 phosphoacceptor site is essential for Ci proteoly-
sis in flies. Prior evidence obtained in tissue culture cell
studies suggests that Ci proteolysis is largely inhibited
by alteration of single PKA sites (Chen et al., 1999b),
and at least one PKA site (site 1) is critical in flies (Me´thot
and Basler, 2000). In this study we found that alteration
of two GSK3 sites, adjacent to PKA sites 2 and 3, pre-
vented Ci-155 proteolysis. Hence, we favor the view that
each of the phosphorylation sites in this region of Ci
contributes significantly to Ci-155 proteolysis.
It has previously been shown that inhibition of the 26S
proteosome in clone 8 tissue culture cells leads to the
accumulation of highly phosphorylated full-length Ci
forms of lowered gel mobility, especially if phosphatase
activity is also inhibited (Chen et al., 1999a). In separate
studies, Ci-155 from untreated clone 8 cells could be
separated into about six isoforms by isoelectric focusing
(Wang and Holmgren, 1999). The location of phosphory-Figure 5. Ci-75 Repressor Is Reduced or Absent in sgg Mutant
lated residues was not mapped in either of these studies.Clones
However, it appears that Ci phosphorylated on a smallhh-lacZ expression in green (A and C) in wing discs containing
clones marked by loss of CD2 (red) and lacking smo activity (A and number of sites, perhaps largely PKA sites, is stable
B) or both smo and sgg activities (C and D). The A/P border is enough to visualize, whereas subsequent, perhaps co-
marked in white. operative, phosphorylation, most likely on adjacent
GSK3 and CK1 sites, leads to rapid Ci-155 proteolysis
and is therefore evident only if proteolysis is artificially
to reduced Ptc expression and increased spread of Hh inhibited.
into the anterior (Chen and Struhl, 1996). When we over-
expressed Dbt in a similar way, we found that there was
little effect on Ci-155 levels at the border (Figure 8B). Conservation of Ci Phosphorylation Cassettes
Since CK1 phosphorylation of Ci requires prephosphor- in Gli Proteins
ylation by PKA and PKA phosphorylation could be lim- The basic arrangement of PKA sites flanked by PKA-
iting, we examined discs expressing both mC* and Dbt primed GSK3 and CK1 sites is conserved in Gli2 and
to see if Dbt enhanced the effect of mC* alone. We found Gli3 for each of the three PKA sites in Ci, with an addi-
that levels of full-length Ci at the A/P border were further tional fourth motif between PKA sites 2 and 3 of Ci
reduced when both kinases were expressed; in fact, the (Figure 2A). The identity of amino acids in each cluster
level of Ci in the affected area is similar to that in cells extends beyond the consensus SGSK3RRXSPKAXXSCK1. For
of the anterior compartment remote from the A/P border instance, PKA site 1 has an adjacent CK1 site followed
(Figure 8D). by a second CK1-primed site (RRXSPKAXXSCK1XXSCK1),
but there are no GSK3 sites. PKA sites 2 and 3 are
flanked by GSK3 sites and CK1 sites (SGSK3RRXSPKA
Discussion XXSCK1), but only site 3 includes a second GSK3 site
(SGSK3XXXSGSK3RRXSPKA). Ignoring the possibility of addi-
We have shown that phosphorylation of Ci at three de- tional interstitial phosphorylations in this region due to
fined PKA sites primes further phosphorylation at adja- GSK3 priming of CK1 sites and vice versa, Ci contains a
total of eight PKA-primed GSK3 or CK1 phosphorylationcent GSK3 and CK1 sites. This PKA-primed phosphory-
lation could be catalyzed by purified mammalian GSK3 sites, whereas Gli2 and Gli3 contain eleven and nine,
respectively, in this region of less than 80 amino acids.and CK1 enzymes or by activities in Drosophila embryo
extracts. Changing the target serines of either GSK3 or Gli1 has only two PKA sites in this region with three
associated CK1 sites and only one GSK3 site. Commen-CK1 consensus sites to alanines prevented proteolysis
of Ci-155 to Ci-75 in flies. This result was demonstrated surate with sequence conservation, both Gli2 and Gli3
appear to be proteolyzed when expressed in Drosophila,both by Western blots of embryo extracts and by
assaying for the activity of Ci-75 as a transcriptional whereas Gli1 remains full-length (von Mering and Basler,
1999; Aza-Blanc et al., 2000). Processing of Gli proteinsrepressor in wing imaginal discs. We argue that the
resistance of these altered Ci molecules to proteolysis in flies appears to correspond, at least approximately,
to their fate in their normal environment (Ingham andresults from altered phosphorylation rather than a
change in amino acid identity per se, because elimina- McMahon, 2001). These data are consistent with the
proposal that a conserved mechanism of PKA-depen-tion of Sgg GSK3 activity produced a similar result and
because the PKA sites required for priming further phos- dent proteolysis of Ci/Gli proteins depends on creating
highly phosphorylated clusters of regularly spaced pho-phorylation must themselves be intact in order for Ci-
155 to be proteolyzed to Ci-75. sphoserine residues.
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Figure 6. Weak Hh-Target Gene Expression
in sgg Mutant Clones
dpp-lacZ expression in red (A and D) in sgg
mutant clones marked by the absence of GFP
(B and E). In the upper row, arrows indicate
clones expressing low levels of dpp-lacZ; the
arrowhead indicates a clone with no detect-
able dpp-lacZ. In the middle row, the arrow
and dotted line indicate a clone at the A/P
border. Ptc protein expression in green (G) in
sgg mutant clones marked with Ci-155 stain-
ing in red (H). The arrow indicates a clone
with very slightly elevated Ptc.
Fate of Phosphorylated Ci At least six such sites in Sic1 must be phosphorylated
to exceed a physiological threshold for recognition.How do multiple phosphorylations of Ci target it for
degradation? Paired GSK3 phosphorylation sites are Ci phosphorylation might create a binding site for a
Ci partner other than Slimb. The apparent requirementcrucial for recognition of -catenin by Slimb/-TrCP, but
they fall within a more specific consensus sequence for extensive phosphorylation of Ci could easily be ra-
tionalized if the binding partner presented an extensiveDS(P)GXXS(P) that is conserved in IB (Winston et al.,
1999). None of the GSK3 or, of course, the CK1 or PKA surface for electrostatic interaction, such as the arma-
dillo repeat region of -catenin (Huber and Weis, 2001).sites in Ci conform to this consensus (Figure 2A). It is
possible that Slimb/-TrCP recognizes more epitopes The binding of this -catenin domain to repeated serine/
threonine-rich motifs of APC (Adenomatous Polyposisthan currently appreciated or that the presence of multi-
ple weak binding sites collectively contributes to associ- Coli) protein is stimulated by phosphorylation of APC
(Rubinfeld et al., 1996, 2001). Thus, structures analogousation with Slimb. The latter mechanism has been demon-
strated for the recognition of yeast Sic1, which is to the -catenin armadillo repeats might accommodate
phosphorylation-dependent binding of repeated motifsphosphorylated within multiple suboptimal binding se-
quences, by the F box protein Cdc4 (Nash et al., 2001). in Ci. Binding of -catenin itself to phosphorylated Ci
Ci Proteolysis Requires the Kinases GSK3 and CK1
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Figure 7. Sgg Is Required in the Wing Pouch
Region for Ectopic Ptc Expression in PKA
Mutant Clones
Ptc (green) and Ci-155 (red) protein expres-
sion detected by antibodies in wing discs
containing PKA smo (A and B) or sgg PKA
smo (C–G) mutant clones. In (A)–(D), arrows
indicate clones in the wing pouch region [out-
lined in (B) and (D)]. The arrow and light out-
line in (E)–(G) indicates a sgg PKA smo clone
outside of the wing pouch. The dotted lines
in (E)–(G) outline two sgg PKA smo clones
that intersect the wing pouch and have lower
Ptc levels only in the portion of the clone in
the wing pouch.
would, of course, provide a high-affinity Slimb binding site phosphorylation. We have not found significant dif-
ferences in the activity of Ci lacking three PKA sitespartner within the Ci complex and could explain the
observation that Ci degradation is proteosome depen- (Ci3m) compared to Ci lacking both GSK3 sites (CiNm)
for the transgenic lines tested in wing discs or embryos.dent but does not involve detectable ubiquitination of
Ci (Chen et al., 1999a). However, in an extensive prior study, we found that Ci
lacking five consensus PKA sites (Ci5m) was more active
than Ci3m (Price and Kalderon, 1999). The fourth andConsequences of sgg Mutations
Loss of Sgg activity in wing disc clones induced Ci-155 fifth PKA sites are not flanked by GSK3 or CK1 sites.
The phosphorylation of these PKA sites might thereforeto levels at least as high as the A/P border, but slightly
lower than in PKA mutant clones. We infer that elevated reduce the activity of Ci in sgg mutant clones relative
to PKA mutant clones.Ci-155 levels resulted from inhibition of proteolysis to
Ci-75 because ci RNA levels were unchanged and be- A second possibility is that sgg mutations may prevent
Hh target gene expression despite generating a phos-cause Ci-75 repressor activity was largely absent from
posterior smo sgg mutant clones in wing discs express- phoform of Ci that is adequately activated and protected
from proteolysis. We investigated this hypothesis bying Ci ubiquitously. In these clones there appeared to
be a low level of repressor, raising the possibility of a examining the phenotype of clones lacking both PKA
and Sgg activities. Since GSK3 phosphorylation of Cisecond GSK3 contributing in a minor way to the phos-
phorylation and proteolysis of Ci. depends on priming by PKA phosphorylation, the ab-
sence of Sgg activity should not alter the phosphoryla-Anterior sgg mutant clones induced some ectopic ex-
pression of Hh target genes but did not reproduce the tion state of Ci from that in PKA mutant clones. Never-
theless, we found that the levels of Ptc protein inducedstrong phenotypes of PKA mutant clones, as assessed
by Hh target gene expression, disc morphology, and in sgg PKA smo mutant clones was much lower than
for PKA smo mutant clones in the wing pouch cellsadult morphology. We offer two possible explanations
for the differences between PKA and sgg mutant clone of the disc, and pattern duplication of wings normally
associated with PKA mutant clones were suppressedphenotypes. One possibility is that Ci lacking PKA site
phosphorylation (and hence GSK3 and CK1 site phos- by the additional inactivation of sgg. Thus, it is possible
that a Sgg substrate in addition to Ci can affect Hh targetphoserines) is more active than Ci lacking only GSK3
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reductions of Ci-155 levels at the A/P border of wing
discs due to PKA hyperactivity. This observation is con-
sistent with the idea that increased PKA-primed phos-
phorylation of Ci by Dbt can promote Ci-155 proteolysis
even in cells exposed to Hh, but we did not directly
demonstrate that proteolysis was responsible for the
reduced Ci-155 levels observed, nor does this result
show that Dbt is normally involved in Ci phosphorylation.
Dbt remains a good candidate for the CK1 homolog that
phosphorylates Ci. It is a member of the CK1 / family,
which has been implicated in Wnt signaling in Xenopus
and in mammalian tissue culture cells (Peters et al.,
1999; Sakanaka et al., 1999).
Relationship between Hh and Wnt Signaling
The identification of GSK3 and CK1 as components of
the Hh signaling pathway extends previously noted simi-
larities with the Wnt signaling pathway. In addition to
these kinases, the F box protein Slimb is shared between
the pathways, and both pathways include a component
with similarity to the G protein-coupled receptors Smo
on the Hh pathway and Frizzled, the Wg receptor. Finally,
both pathways share the feature of constitutive phos-
phorylation-dependent degradation of a key effector
that is reversed by ligand signaling. These shared com-
ponents and other similarities invite speculations about
“crosstalk” and about conserved mechanisms.
Figure 8. Double-time CK1 Can Enhance Reduction of Ci-155 Lev-
Even though reduced GSK3 activity can stabilize Ci-els Caused by PKA
155 and -catenin in wing discs, in wild-type discs, Ci-
Ci-155 staining in a wild-type wing imaginal disc (A) or a disc ex-
155 levels are not elevated in cells where Wg signalspressing Dbt CK1 (B), the activated PKA transgene mC* (C), or both
and -catenin is not stabilized by Hh signaling. TheseDbt and mC* (D) in the wing pouch region.
observations are reminiscent of the independent trans-
mission of insulin and Wnt signals in vertebrate cells
(Frame and Cohen, 2001). Insulin stimulation leads togene expression, at least in anterior presumptive wing
inactivation of GSK3 by phosphorylation at a specificcells. This might contribute to the failure of sgg mutant
PKB site, but GSK3 in complex with Wnt pathway com-clones in the wing pouch to induce ectopic Ptc ex-
ponents is spared from phosphorylation. Wnt signalingpression.
does not inactivate GSK3 by the same phosphorylation,It is important to note that the positive input of Sgg
although some reduction in total cellular GSK3 activityon Hh target gene expression inferred above was evi-
can be measured and Wnt signaling does reduce thedent only in the artificial circumstances of eliminating
phosphorylation of specific Wnt pathway componentsPKA and Sgg activities by genetic mutation. PKA and
by GSK3 (Frame and Cohen, 2001). The relevant sub-Sgg are normally active in anterior cells away from the
strates for GSK3 in the insulin pathway are primed byA/P border, as manifested by the proteolysis of Ci-155,
prior phosphorylation, as for Ci; axin, APC, and -cat-and any regulation of their activities by Hh at the A/P
enin GSK3 sites, however, do not appear to depend onborder is unlikely to be as dramatic as mutational inacti-
priming. Thus, a combination of sequestration of GSK3vation. Indeed, there was no consistent reduction in the
subpopulations through binding interactions and theexpression of ptc or dpp reporters in sgg mutant clones
use of different substrate sites insulate the Wnt pathwayat the A/P border. Hence, the relevance of Sgg sub-
from the insulin pathway and may similarly segregatestrates other than Ci during normal development re-
Wnt and Hh signaling pathways despite the common
mains to be established.
use of GSK3.
The involvement of GSK3 and CK1 in Ci-155 proteoly-
Which Casein Kinase I Phosphorylates Ci? sis raises the exciting possibility that Hh might regulate
Only one of the eight putative CK1 genes in Drosophila the activity of one or both of these kinases. Regulation
has been extensively investigated genetically. Weak al- of GSK3 activity is a particularly appealing mechanism
leles of this gene were named double-time because they because the key regulatory event in Wnt signaling is
alter circadian rhythms (Kloss et al., 1998). Stronger generally thought to be the inhibition of GSK3 activity.
alleles affect imaginal disc growth and patterning in a The mechanism by which Wnt signaling regulates GSK3
variety of ways, but relating these phenotypes to specific is still not clear but appears to involve several ancillary
cellular processes or signaling pathways has been ham- proteins, other kinases, and a phosphatase (Peifer and
pered by the limited growth and viability of cells homozy- Polakis, 2000). Thus, we might anticipate similar com-
gous for null and strong alleles (Zilian et al., 1999). This plexity in the Hh signaling pathway and perhaps the
property of dbt/dco also limited our investigations to participation of yet more proteins previously known for
their involvement in Wnt signaling.showing that overexpression of Dbt could enhance the
Ci Proteolysis Requires the Kinases GSK3 and CK1
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Experimental Procedures were full-length Ci, rat monoclonal 2A1; CD2, mouse monoclonal
(Serotec); -GAL, rabbit polyclonal (Cappel); and Ptc, mouse mono-
clonal.DNA Constructs
Nucleotide changes in the ci cDNA were introduced by PCR, and the
resulting fragments were subcloned into the GST-CiS and pUAST Fly Crosses
vectors. The resulting amino acid changes in Ci are as follows: N2, The following crosses were used to obtain larvae for imaginal disc
S852 to A; N3, S888 to A; C1, S841 to A; C2, S859 to A; and C3, staining. Genotypes of females are written first. (1) yw hs-FLP; hs-
S895 to A. CiNm contained changes at N2 and N3; CiCm, changes CD2 FRT39E/CyO; C765 hh-lacZ/TM6B X (y)w; smo3 FRT39E/
at C1, C2, and C3; CiNCm, all five changes. The triple HA epitope tag PyCyO; UAS-HA3Ci (mutant or wt) (maintained at 27C after first heat
(Marigo et al., 1996) was introduced by inserting an oligonucleotide shock). (2) yw hs-FLP; hs-CD2 FRT39E ptc-lacZ/CyO; C765/TM6B
duplex encoding two HA repeats into HA-Ci (Price and Kalderon, X (y)w; smo3 FRT39E/PyCyO; UAS-HA3Ci (mutant or wt) (maintained
1999). P element insertion lines were made with pUAST constructs at 27C after first heat shock). (3) y sggD127FRT101 (or zw3M11-1
and maintained as homozygous stocks. To make GST-PP1G and FRT101)/FM7GFP X hs-GFP FRT101 hs-FLP. (4) UAS-armS10 X yw
GST-mGS, oligonucleotide duplexes encoding amino acids 4–17 of hs-FLP; UAS-lacZ; actin	hs-CD2	GAL4 (	 denotes FRT). (5) y




amino acids 4–14 of glycogen synthase (RALSVASLPGL) were in- Cyo X (y)w; smo3 FRT39E/Cyo. (6) y sggD127 hs-FLP; Dp(1;2)sc19,y

serted into pGEX-3X. Codons for two underlined amino acids in Dp(1;2)w
70h,sgg
 hs-CD2 FRT39E/Cyo; C765 hh-lacZ/TM6B X
glycogen synthase were altered to avoid any possibility of back- (y)w; smo3 FRT39E/PyCyO; UAS-HA3CiWT (maintained at 27C after
ground phosphorylation by other kinases. first heat shock). (7) y sggD127FRT101/FM7GFP; ptc-lacZ (or dpp-




 hs-CD2 FRT39E/Cyo X yw hs-
Embryos (5–8 hr) were collected, dechorionated, equilibrated in cold FLP; hs-CD2 FRT39E ptc-lacZ/CyO. (9) y sggD127 hs-FLP;
extract buffer, homogenized in 4 volumes of extract buffer, and Dp(1;2)sc19,y
Dp(1;2)w
70h,sgg
 hs-CD2 FRT39E/Cyo X (y)w;
centrifuged at 14,000 rpm for 15 min at 4C. The supernatant was smo3PKAE95 FRT39E/Cyo. (10) 71B (GAL4) X UAS-dbt (or UAS-mC*
transferred to a clean tube, avoiding as much of the lipid layer as or UAS-mC*; UAS-dbt) (maintained at 27C 1 day).
possible. For kinase reactions, the extract buffer was 50 mM Tris
(pH 8), 150 mM NaCl, 1% NP40, 1 mM EDTA, 1 mM DTT with protease
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